Summary: Brief ischemia induced tolerance to subse quent ischemia in the hippocampal neurons. Male Mon golian gerbils were subjected to 2 min of ischemia in an awake condition. This ischemic insult only rarely pro duced neuronal damage in the gerbil brain. One day (n = 9), 2 days (n = 9), or 4 days (n = 10) following the first brief ischemia, the animals (double-ischemia group) were subjected to the second ischemia for 5 min. The single ischemia group received a sham procedure instead of the first ischemia and was identically subjected to the second ischemia I day (n = 9), 2 days (n = 10), and 4 days (n = 13) following the sham procedure. One week following the second ischemia, all gerbils were perfusion fixed and the neuronal density in the hippocampal CA I sector was measured. In double-ischemia groups, the neuronal denThe brain is particularly vulnerable to distur bances of energy metabolism, such as ischemia, an oxia, hypoglycemia, or status epilepticus (Auer and Siesj6, 1988; Siesj6 and Bengtsson, 1989). Even a brief episode of ischemia destroys certain groups of ischemia-sensitive neurons. These selectively vul nerable neurons are found in the hippocampal CA 1 sector, in the dorsolateral striatum, in certain layers of the cerebral cortex, and in the cerebellar cortex (Wieloch, 1985). Among these vulnerable cells in the brain, hippocampal CAl pyramidal cells have been the most extensively studied. Following brief ischemia, CA 1 pyramidal cells recover energy me tabolism (Pulsinelli and Duffy, 1983; Arai et a!. , 1986) and electrophysiological activity (Suzuki et a!., 1983) . The fine structure of CA 1 pyramidal cells is maintained well until they are disintegrated 3 or 4
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days after ischemia (Kirino and Sano, 1984) . Isch emic damage of CA 1 neurons is called delayed neu ronal death because cell necrosis takes place after a delay of 2 or 3 days (Kirino, 1982; Pulsinelli et a!. , 1982; Smith et a!. , 1984) .
Living organisms, when exposed to sublethal en vironmental stress, respond by initiating the synthe sis of several proteins and by partially suppressing the synthesis of most other proteins. Diverse envi ronmental changes such as high temperature, amino acid analogues, heavy metals, or inhibition of en ergy metabolism can trigger this "stress response." Since the effect of temperature elevation has been most intensively studied, this phenomenon is also called "heat-shock response," and the synthesized proteins are called "heat-shock proteins" (hsp) (for review, see Lindquist, 1986; Subjeck and Shyy, 1986) . Heat-shock proteins appear to exhibit a high degree of conservation from bacteria to mammalian cells (Bardwell and Craig, 1984; Hunt and Mori moto, 1985) . These characteristics suggest an im portant functional role for this group of proteins. Stress proteins are considered to work by associa tion with other proteins, thereby controlling protein conformation, stabilization, or transport to specific loci in the cell. Under normal conditions, the cyto solic proteins of the hsp70 family are reported to perform these functions (Flynn et aI., 1989) . Meta bolic stress causes a decrease in free hsp70 pro teins, and this reduction seems to induce hsp70 syn thesis (Beckmann et aI., 1990 ). This phenomenon is one of the typical metabolic changes in stress re sponse. Stress response seems to be vital for cell recovery and survival after they are confronted with noxious insults (see the Discussion section).
Protein synthesis is blocked during ischemic en ergy depletion. After restoration of blood flow and energy metabolism, there is still a delay of normal protein synthesis (Kleihues and Hossmann, 197 1; Thilmann et aI., 1986) . During this early postisch emic period, increased synthesis of 70-kDa heat shock protein (hsp70) and other stress proteins is seen in the gerbil (Nowak, 1985) or rat (Dienel et aI., 1986) forebrain. Brief ischemia, which is not lethal to cells, can trigger a stress response in neu rons. Brief forebrain ischemia in the rat induces an increase in ubiquitin, a stress-inducible protein, in the hippocampal CA3 subfield and dentate gyrus. Selectively vulnerable CAl neurons, however, fail to respond and ubiquitin immunoreactivity never recovers in this region (Magnusson and Wieloch, 1989) . Brief ischemia also induces hsp70. Induction of hsp70 was most pronounced in the hippocampal CA3 and dentate gyrus, whereas hsp70 accumula tion was minimal in hippocampal CA 1 neurons that die after ischemia (Vass et aI., 1988) . These exper imental results suggest that failure of stress re sponse could be a cause of ischemic neuronal dam age in the hippocampal CAl subfield. If stress re sponse is induced in these selectively vulnerable neurons and the neurons are then exposed to isch emia, they may be more tolerant. This experiment was planned to examine this hypothesis. To induce stress response, we have chosen a very short isch emia that in itself does not kill neurons in the hip pocampal CA 1 subfield.
MATERIALS AND METHODS
Male Mongolian gerbils (Meriones unguiculatus, 60-80 g) were subjected to short ischemia (2 min) under an awake condition using Tone's method (Tone et aI. , 1987) . A nylon thread, which had been looped around the ca rotid arteries on the previous day, was pulled and the bilateral carotid arteries were occluded in the double ischemia group. The thread was only removed in the sin gle-ischemia group. One day, 2 days, and 4 days after the first ischemia, the carotid arteries were exposed again under halothane anesthesia. All of the gerbils in the dou ble-ischemia and sham-operated groups were subjected to the second ischemia for 5 min using Sugita aneurysm clips. During the operation, the body (rectal) and tempo ral muscle temperature was regulated close to 37.0°C by means of a heat lamp. After the 5-min period of ischemia, the body temperature was monitored for 10 min. Those animals that failed to restore the postischemic rectal tem perature to above 38°C were excluded. One week follow ing the second ischemia, the animals were perfusion fixed with 10% formalin in 0. 1 M phosphate buffer (pH = 7.4). Specimens containing the dorsal hippocampi were em bedded in paraffin. Sections were cut and stained with cresyl violet. Additional groups of gerbils were perfusion fixed I week following only the first 2-min ischemia. Ger bils that received the sham operation without ischemia were used as normal controls. The number of intact neu rons in the hippocampal CAl subfield was counted in blind fashion, and the density of neurons per mm of the pyramidal cell layer was calculated. The average value of the left and right hippocampi was used for each animal. The number of animals used is summarized in Table 1 .
To examine the expression of stress response following brief ischemia. immunostaining of fixed gerbil brains against 70-kDa heat-shock protein (hsp70) was per formed. A mouse monoclonal antibody raised against hu man hsp70-related protein was purchased from Amer sham (Tokyo, Japan) (RPN 1197). This antibody specifi cally recognizes stress-inducible forms of the hsp70 family. In our preliminary experiment (result not shown), immunostaining using this antibody produced a staining property almost identical to that described by Vass et al. (1988) . Gerbils were subjected to 2 min of ischemia (n = 21 in total) or sham procedure (n = 6), and were perfu sion fixed I day (n = 6), 2 days (n = 9), and 4 days (n = 6) after the ischemic insult. A separate group was sub jected to the second ischemia for 5 min 2 days following either the first ischemia for 2 min (n = 5) or following the sham operation (n = 6), and were perfusion fixed 2 days after the second ischemia. The perfusion solution was 4% paraformaldehyde in 0. 1 M phosphate buffer (pH = 7. 4). One hour after perfusion fixation, the brains were re moved and fixed in the same fixative for I h, and then kept in phosphate-buffered saline. Thirty-three-micron vibtratome sections containing the dorsal hippocampi were cut. The procedure for immunostaining was as de scribed by Vass et al. (1988) . Biotinylated anti-mouse IgG (RPN 1001) and streptoavidin-biotinylated peroxidase complex (RPN 1051) were purchased from Amersham.
RESULTS
The sham operation alone did not cause neuronal injury. The neuronal density of sham-operated ani mals (without ischemia) was 254.7 ± 18.6 (SD) per I-mm length of CA I pyramidal cell layer. Two min utes of ischemia did not produce serious tissue dam age in the brain. However, in one gerbil of seven in this group, there was a slight but definite neuronal damage in the medial part of CAl (CAla) on one side. The average neuronal density in this group was 249.7 ± 59.6/mm and was not significantly dif ferent from the controls without ischemia.
The gerbils that received the sham procedure and then were rendered ischemic for 5 min showed ex tensive neuronal damage in the CAl sector. Only 
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Sham operation only 2-min ischemia only 2-min ischemia + 5-min ischemia (I day) Sham operation + 5-min ischemia (l day) 2-min ischemia + 5-min ischemia (2 days) Sham operation + 5-min ischemia (2 days) 2-min ischemia + 5-min ischemia (4 days) Sham operation + 5-min ischemia (4 days) N / A , not available. one gerbil in the I-day single-ischemia subgroup showed moderate neuronal preservation in the hip pocampus on one side. Otherwise, most of the CA I pyramidal cells were destroyed by single ischemia for 5 min. The overall CA I neuronal density in the single-ischemia group was 10. 9 ± 27.4/mm. Gerbils pretreated with brief ischemia for 2 min and then subjected to the second ischemia for 5 min did not develop severe neuronal damage in the CA I subfield. Following the second ischemia for 5 min, the neuronal density was 103. 4 ± 93. l Imm (40.6% of the normal) when the interval between the first (2 min) and the second (5 min) ischemia was I day. This interval was extended to 2 days and the neu ronal density was 125. 6 ± 64.2/mm (49.3% of the normal). As the interval was elongated up to 4 days, there was a substantial preservation of CA I pyra midal cells. The CAl neuronal density was 176. 2 ± 93.7/mm (69.2% of the normal). Six of 10 gerbils that belonged to this group showed neuronal densi ties above 200/mm, which is close to the normal value. The values of neuronal density in all of the double-ischemia subgroups were significantly higher than in the single-ischemia group (Wilcox on's rank sum test, Table 1 ).
In the CAl subfield, there were characteristic patterns of neuronal destruction (Fig. 1) . In the sin gle-ischemia group, the whole CAl sector was de stroyed and almost devoid of neurons (Fig. IB) . In the hippocampus of a typical I-day double-ischemia group, the neuronal density was around 100/mm and cell necrosis was predominantly seen in the CAla and CAl b areas (Fig. lC) . As the neuronal loss became less, cell loss was progressively re stricted to the medial CAl a region (Fig. 10) . In a typical 4-day double-ischemia group (neuronal den sity above 180/mm), neuronal necrosis was found in a narrow region of CA I a (Fig. I E) . In addition, there was neuronal necrosis in the transition be tween CAlc and CA3 (CA2 sector).
The body temperature (rectal probe) and tempo ral muscle temperature were continuously moni tored during the second ischemic challenge. The temperature values immediately before and after 5 min of ischemia were averaged and used as the tem perature of each animal (Table I ). There was no significant difference in rectal or temporal muscle temperature between double-ischemia groups and their single-ischemia counterparts. The rectal tem perature rose quickly after 5 min of ischemia and arrived at the peak value within 10 min. All of the gerbils showed a rectal temperature above 38.0°C after 5 min of ischemia. The temperature values af ter ischemia showed a small but significant differ ence between the 4-day double-ischemia and the corresponding single-ischemia group, the highest temperature after single-ischemia being 0.3-0.4°C higher than in the 4-day double-ischemia group (Ta ble 1). Among animals belonging to each group, however, there was no correlation (examined by Spearman rank correlation test: Rs = 0. 1) between postischemic rectal temperature and average neu ronal density in the CAl subfield (Fig. 2) .
Immunocytochemistry using antibody against hsp70 revealed an increase in staining in CAl pyra midal cells following ischemia (Fig. 3) . In the single ischemia gerbils, there was only faintly visible im munostaining in CAl pyramidal cells (Fig. 3A) . Fol lowing 2 min of ischemia, a definite increase in hsp70 staining was seen. One day following 2 min of shown in the normal hippocampus (A). In the single-ischemia group (B), the whole CA1 sector was destroyed following 5 min of ischemia. In the 1-day double-ischemia group (C), neuronal damage is mainly seen in the CA 1 a and CA 1 b re gions. In the 2-day double-ischemia group (O), neuronal ne crosis is restricted to the medial CA 1 a subdivision. In the specimen that shows a remarkable neuronal preservation (E), neuronal damage is only seen in a narrow region of the CA 1 a area (arrowhead). There is neuronal damage in the CA2 sector in all specimens following ischemia (arrow).
ischemia, hsp70 staining intensely increased only in the CA3 sector and the dentate gyrus in all of the animals (Fig. 3B) . The staining was definitely ob served in CAl neurons 2 days following 2 min of ischemia, the staining being intense in six gerbils and weak in three gerbils. Four days after 2 min of ischemia, the hsp70 immunostaining was as intense as those seen 2 days after ischemia for 2 min (Fig.  3D) , the stainability being intense in five gerbils and less marked in one. Most of the specimens showed staining in the cell body and dendrites. Two days after more severe ischemia for 5 min, there was no hsp70 staining in the CAl subfield if the animals had not been pretreated with brief ischemia (Fig. 4A) . In gerbils subjected to 2 min of ischemia followed by 5 min of ischemia 2 days afterwards, intense hsp70 staining was observed in the CAl subfield in all of the animals (Fig. 4B ).
DISCUSSION
Brief ischemia for 2 min, which in itself gives no lethal effect to neurons, renders hippocampal neu rons tolerant to subsequent ischemic insult. In sin gle-ischemia gerbils, almost all of the CAl pyrami dal cells were lost following the second ischemia for 5 min. When gerbils had been exposed to short isch emia for 2 min and then subjected to 5 min of isch emia, there was 4� 70% preservation of neurons in CA I. The present result indicates that neuronal vul nerability is not fixed. If the metabolic state is mod ified by a certain method, as is shown here, vulner able neurons can be altered to be more tolerant to stress.
The outcome of brief ischemia highly depends on brain temperature during and immediately after ischemia (Busto et aI., 1987; Minamisawa et aI., 1990) . The body temperature during ischemia in the gerbil is known to be the single most important fac tor that influences the preservation of neurons fol lowing ischemia (Clifton et aI., 1989) . The induced tolerance in this experiment, however, was not likely to have arisen from a temperature difference. The temporal muscle temperature, which closely reflects the brain temperature, was monitored dur ing ischemia, and there was no significant differ ence between the double-and single-ischemia groups. Following ischemia, gerbils usually show a quick rise in body temperature, which usually reaches 39°C in the awake condition (Kuroiwa et aI., 1990) . It is almost impossible to control this temperature rise if gerbils are in the conscious con dition. Even if they are kept in a cool chamber (4°C), their temperature continues to rise as long as FIG. 2. Neuronal density of the CA1 sector of each animal and its highest rectal tempera ture during the 10-min observation period following the second ischemia is shown (1 d, 2d, and 4d represent the interval between the first and second ischemia, with the histolog ical evaluation 7 days after the second occlu sion). There is no correlation between the highest rectal temperature after ischemia and neuronal preservation in these animals. There was a small but statistically significant differ ence in body temperature of 0.3-0AoC after the sec ond ischemia for 5 min (4-day double-ischemia group only). However, there was no correlation be tween the temperature after ischemia and neuronal preservation in our series.
Repeated ischemia, if given after short intervals, is known to produce cumulative detrimental effects on the brain. Thus, three separate 5-min ischemia exposures in the gerbil resulted in a more extensive brain injury than one 15-min ischemia (Tomida et ai., 1987) . The effect was most evident when isch emia was induced at I-h intervals. Two-minute isch emia in the same animal model gave rise to no neu ronal damage, yet three or five repeated ischemia exposures caused neuronal damage (Kato et al., 1989; Kato and Kogure, 1990 ). These experimental results have shown that even sublethal ischemia profoundly alters the susceptibility of neurons to cell injury. After a relatively short interval follow ing the first ischemia, neurons are more vulnerable than in the intact state. On the other hand, when the observation period is extended for 1 or 4 days after the first ischemia, as in the present experiment, neurons are more tolerant. To our surprise, the pro tective effect of brief ischemia lasted at least 4 days after the first ischemia. This fact indicates that a certain relatively slow metabolic change is induced in the course of neuronal recovery from the initial ischemic stress. This change may, in all likelihood, contribute to the induced tolerance to subsequent ischemia that otherwise kills most of the neurons in the hippocampal CAl sector. Nakano et al. (1990) have shown that biochemical change in lipid metab olism following brief ischemia continues for a long time. It took 6 days to return to the control levels following an ischemic insult. They indicated that the cellular response to the second ischemia is quite different from that to the initial one even after 6-day recirculation.
A well-known example of induced tolerance to metabolic stress is the acquisition of heat tolerance by pretreating cells with sublethal hyperthermia (Gerner and Schneider, 1975) . The phenomenon of induced tolerance was also observed in in vivo mammalian cells. Barbe et al. (1988) made rats hy perthermic and showed that the retina was less sen sitive to light damage compared to untreated con trols. This change was correlated to protein synthe sis in the retina after hyperthermia. They indicated a concomitant increase in major heat-shock pro teins, especiallly hsp70. A strong line of evidence of the role for hsp70 in induced tolerance has been shown by Riabowol et al. (1988) when they demon strated that heat shock is lethal to fibroblasts if they were injected with antibody to hsp70. Their result was further reinforced by the fact that competitive inhibition of hsp70 gene expression causes ther mosensitivity in the Chinese hamster ovary cell line (Johnston and Kucey, 1988) .
Although stress response is essential for cell sur vival in an adverse environment, the exact mecha nism of stress proteins is not known. In most stress " situations, accumulation of denatured protein mol ecules is known to progress. Accumulation of de natured protein has been shown to trigger stress response in Xenopus oocytes (Ananthan et al., 1986) . The role of stress proteins may be best ex plained by their ability to associate with those de natured proteins and to help cells dispose of these molecules. Ischemia can well be a process in which protein denaturation takes place. When neurons are stressed by a sublethal stimulus and forced to syn thesize stress proteins such as hsp70, in other words when neurons are prepared with the produc tion of hsps, neurons could be more tolerant to subsequent ischemia. In this case, the absolute quantity of hsps existing in the cell is of primary importance in induced tolerance. Our immunocy tochemical study partially conforms to this hypoth esis of induced tolerance. There was only vaguely visible staining in intact animals. Following brief ischemia, an increase in hsp70 staining was ob served. The staining property became more intense in the CAl subfield 2 days after brief ischemia and was similarly intense when the observation period was extended to 4 days following the first ischemia for 2 min. These differences in staining intensity agree well with the pattern of neuronal preservation in the CA I sector. Although increased staining against hsp70 was seen in the hippocampus follow- staining in the CA1 sector, whereas neu rons in CA3 and the dentate gyrus are in tensely stained. The animal was pre treated with the first ischemic stress for 2 min and then subjected to 5 min of isch emia (B). In this animal, intense hsp70 im munostaining is seen in the CA1 subfield.
ing the first ischemic challenge, there was a vari ance in the staining intensity in the CA I subfield. This difference in hsp70 expression may be related to the substantial variability in the survival of CA I neurons that is evident by a relatively large stan dard deviation of neuronal densities (Table I ). The temporal pattern of hsp70 staining, however, does not correlate well with the pattern of induced toler ance. Although there was only minimum hsp70 im munoreactivity in the CAl sector in the I-day dou ble-ischemia group, moderate preservation of CAl neurons was seen after the second ischemia. N eu ronal protection was more evident in the 4-day dou ble-ischemia group than in the 2-day double ischemia group. This difference cannot be ac counted for simply by the difference in apparent hsp70 immunostaining.
Another possible mechanism of induced toler ance is that sublethal stress such as brief ischemia may facilitate the recovery of normal protein syn thesis patterns (Petersen and Mitchell, 198 1; Yost and Lindquist, 1986) . In in vivo experiments, in creasing time is required for the recovery of normal protein synthesis as the metabolic stress becomes CA1 increasingly lethal. In prestressed cells, the recov ery of the normal patterns of protein synthesis ap pears more rapidly . Fol lowing ischemia. CAl neurons in the double ischemia group could be more tolerant because they may recover protein synthesis more rapidly and thereby could successfully replace denatured pro teins with newly synthesized proteins. In the present experiment, there was an increase in hsp70 following the second ischemia in the CAl subfield (Fig. 4B) . This was not seen in sham controls (Fig.  4A ). This result indicates that, in the neurons sur viving the second insult, there is recovery of protein synthesis that eventually can produce hsp70.
Delayed neuronal death observed in the hippo campal CA 1 sector has many features in common with stress response. Disaggregation of polyribo somes (Kleihues and Hossmann, 197 1; Kirino and Sano, 1984) , which seems to suggest disturbance of the initiation of translation (Cooper et aI., 1977; Duncan and Hershey, 1984) , delay of the recovery of protein synthesis patterns (Thilmann et aI., 1986) , and synthesis of stress proteins in CAl neu rons following less lethal ischemia. as is shown here, are such common characteristics. The phe nomenon of delayed neuronal death may not be an irreversible process of cell death, but rather it may be a result of aborted recovery because the cell has failed in stress response. Although immunostaining only gives qualitative information, the phenomenon of induced tolerance, as described here, seems to offer clues to elucidate the mechanism of ischemic neuronal injury. 
